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Abstract
We present a study of the photophysical properties of the BODIPY-FL fluorescent dye at the single molecule scale using total
internal reflexion fluorescence microscopy. We characterized the saturation intensity and the maximum number of fluorescence
photons for single BODIPY-FL in a usual buffer. We then studied the influence of the buffer depletion in oxygen and the
addition of redox agents on the brightness and the lifetime before photobleaching of the BODIPY-FL. The great improvement of
these two factors in such a medium allows the use of BODIPY-FL in single-molecule biophysics experiments.
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1. Introduction
Single-molecule fluorescence experiments have become a popular tool in biophysics to observe dynamical
processes, which can be difficult to study with ensemble measurement on asynchronous systems [1]. Now that
technological improvements have been achieved, especially in the domain of detectors, this technique is mainly
limited by the choice of the fluorescent labels and their photophysical properties. Nanoparticles such as
semiconductor nanocrystals are very bright and stable but still suffer from blinking despite recent progress [2].
Diamond nanoparticles containing color centers [3] do not have this drawback but are not commercially available
with proper functionalization. And both are big compared to the size of most of the biomolecules, including the
ribosome. On the contrary, organic dyes are small enough to limit the perturbation of the biological processes and
can therefore be better suited as markers to study the interactions between biomolecules. Unfortunately, without
special care, dyes emit a finite and small number of photons before they photobleach irreversibly.
The method usually proposed to circumvent this problem in single-molecule experiments, is to deplete the
sample in oxygen with enzymatic oxygen scavenging systems, as oxygen is claimed to be one of the main agent
responsible for photobleaching. But this procedure often decreases the fluorescence rate, because the dark-state
lifetime can be dramatically increased in such oxygen depleted media, and thus generates blinking at millisecond
time scales comparable with the usual exposure times needed for dynamical studies in single molecule fluorescence
experiments. Different ad-hoc recipes can be found in the literature. The most interesting results have been obtained
with the addition of Trolox, known as an antioxidant agent, to the oxygen scavenger [4] Such a buffer can indeed
bring the dark-state lifetime back to a smaller value. This strategy works perfectly well with Cy5, a dye commonly
used in single-molecule experiment and especially Förster resonance energy transfer (FRET), as the acceptor in the
Cy3/Cy5 couple. Cy3 photophysics is also improved at a lower extent. However, clear explanations of the
mechanism were only very recently published [5]. In a previous article [6], the same group had proposed a generic
solution to the problem of photobleaching and photoblinking. In addition to the oxygen scavenging system, one
should add both a reducing and an oxidizing agent, to obtain a reducing and oxidizing system, called ROXS. In our
work, we apply this strategy on a different fluorophore, the BODIPY-FL.
In the BODIPY dye family, the BODIPY-FL is one of the smallest and is therefore well suited to study complex
processes like ribosome dynamics [7]. Transfer-RNA charged with a BODIPY-FL-labeled lysine is commercially
available and commonly used for bulk in vitro translation assays. However this commercial dye is not perfectly
suited for single molecule experiments because of its photostability that is weaker than the one of the most popular
dyes. In this work we have investigated the modification of BODIPY-FL photophysics in media depleted in oxygen.
We also studied the influence of the addition of reducing and/or oxidizing agents.
2. Experiment
TIRFM setup. To study the fluorescence properties of BODIPY-FL, we use a total internal reflection
fluorescence microscopy set-up. A 488 nm-cw laser beam (488-200 CDRH, Coherent, maximum power 200 mW) is
expanded and focused off-axis in the back focal plane of the oil-immersion objective (Olympus ApoPlan x60,
NA=1.45) of an inverted microscope (Olympus IX71). The collimated beam arrives on the sample with an angle
large enough to be totally reflected at the glass/water interface. This results in the formation of an evanescent wave
(lateral extension typ. ~50 µm) used to excite the fluorescence of molecules located on the surface of the coverslip.
The sample consists of molecules bond to the surface of the coverslip at a density of approximately one molecule
per 20 µm
2
, which leads to a separation much larger than the microscope objective diffraction limit (~220 nm
FWHM). The fluorescence signal collected from the molecule is separated from the excitation laser with a dichroic
mirror and a band-pass filter (Q505lp and HQ535/50, respectively, Chroma Technology Corp.) and recorded on a
EM-CCD array (Hamamatsu C9100).
Molecule binding to the coverslip is realized in a homemade flow-cell. The later consists of a chamber
(~2x50 mm) cut in a parafilm layer sandwiched between the coverslip and a microscope slide. The adhesion
between parafilm and glass is done by heating the cell on a heating plate (100°C). Two small holes in the slide allow
the fluid circulation in the cell. The flow cell is first incubated with biotin-BSA (1mg/mL), rinsed with buffer T
(100 mM TRIS HCl pH=7.5, 250 mM NaCl). It is then incubated with streptavidin (0.2 mg/mL) and rinsed again.
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Finally, it is incubated with 3’-biotinylated 5’-BODIPY-FL labeled DNA oligonucleotides (5’-CAT TCG CCA TTC
AGG CTG CGC AAC-3’, 50 pM, from MWG), and rinsed before observation.
A data set consists in a series of images of a given area of the sample, showing the evolution of the BODIPY-FL
fluorescence signal with time. A single molecule is recognizable by its diffraction-limited spot and by the fact that it
bleaches in one step. To prevent premature photobleaching, the sample is illuminated only during data acquisition
and not during data transfer to the computer. The galvanometric mirror, used for this purpose, has a time response of
~20 ms, giving the minimum exposure time achievable with our setup. The data transfer time for an image taken on
the whole CCD array of the camera is ~10 ms.
We studied BODIPY-FL photoluminescence in (i) buffer T (100 mM TRIS HCl pH=7.5, 250 mM NaCl) alone,
(ii) in buffer T and an oxygen scavenging system (noted T-O), and (iii) in buffer T-O plus both a reducing and an
oxidizing agent (TRO-O). The oxygen scavenging system is protocatechuic acid (PCA) and protocatechuate-
3,4,dioxygenase (PCD) (PCA 10mM / PCD 200nM), prepared as described in [8]. We used acid ascorbic (AA) as a
reducing agent and 1,1’-dimethyl-4,4’-bipyridinium dichloride hydrate (methyl viologen, MV) as an oxidizing
agent, as suggested in [6].
Thanks to the fact that TIRFM is a wide-field method, we can record the fluorescence intensity of many single
BODIPY-FL molecules from one stack of images of the same sample area. Since the sample is illuminated by a
Gaussian beam, the excitation power varies on the area of observation. From a reasonable number of stacks taken on
different areas of the same sample, it is thus possible to plot the fluorescence intensity of each single BODIPY-FL
observed versus the local excitation laser intensity. As the flow-cells are made with basic glass coverslips, there is a
low but measurable residual fluorescence from the glass itself when it is illuminated. This reduces the signal to noise
ratio, but it can help to quantify properly the local excitation power. We indeed checked that this residual coverslip
fluorescence signal fits well with a 2D-gaussian curve, its amplitude being proportional to the excitation power
measured at the entrance of the microscope.
3. Results and discussion
In buffer T, BODIPY-FL exhibits a moderate fluorescence signal, compared to Cy3 for example. It is however
feasible to observe it with a good signal to noise ratio (typ. 5) if the coverslip is perfectly cleaned and if the surface
chemistry and the buffer do not bring any parasitic fluorescence background. We tried to measure the lifetime before
photobleaching in buffer T. For the range of investigated excitation intensities leading to a reasonable signal to noise
ratio for the fluorescence signal, the lifetime is too short to be accurately measured with our set-up, 20 ms being the
shortest exposure time achievable.
In buffer T-O, i.e. with a reduced amount of dissolved oxygen, BODIPY-FL fluorescence signal becomes so low
that it is in most cases undetectable. The washing of the flow-cell with buffer T restores the fluorescence signal.
The addition of a reducing agent (AA) and an oxidizing agent (MV) to buffer T-O (ROXS system) has a strong
impact on the fluorescence. The fluorescence intensity is restored and can even be larger than the one in buffer T.
The lifetime before photobleaching is highly enhanced and, depending on the excitation intensity, we can observe
molecules during seconds.
Using a large number of molecules (more than 13000 in buffer T and more than 700 in ROXS system) we plotted
the number of detected photons versus the local excitation intensity for BODIPY-FL in buffer T or in ROXS system
(Fig. 1). The exposure time is always 100 ms. The excitation intensity is given in grey levels corresponding to the
number of photons due to the coverslip fluorescence at the same location as the single molecule. This can be directly
linked to the excitation power at the entrance of the microscope. The number of detected photons Nfluo is fitted by
Nfluo=Nmax / (1+Nsat/Nexc), with Nexc being the number of fluorescence background photons (proportional to the
number of exciting photons) and Nmax and Nsat two adjustable parameters. For a perfectly photostable molecule,
Nmax would describe the maximum measurable intensity and Nsat the saturation intensity, i.e. the excitation intensity
for which one measures Nmax / 2 [9]. However, since the molecules probably bleach in less than 100 ms, depending
on the local excitation intensity, Nmax and Nsat represent respectively the maximum of collected photons before the
molecules photobleaches and the number of exciting photons necessary to collect Nmax /2. The saturation curve fits
well the measurements obtained in buffer T despite a high dispersion of the raw data. Nmax,T corresponds to 1800
detected photons. Nsat,T leads to ~700 W/cm2. The fit values in ROXS system are quite different. We could not
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reach the saturation regime, even with the maximum power of the laser (200 mW), ie for intensities such as
7 kW/cm
2
. Thus, the saturation curve does not fit very well the data, but gives elements of comparison with buffer
T. For low excitation power, the signal to noise ratio is higher in buffer T. But, since saturation occurs quickly as
Nexc increases, even for moderate excitation powers, signal to noise ratio is higher in ROXS system. Nmax
corresponds to ~8000 detected photons, which is more than 4 time higher than in buffer T. However, Nsat is also 12
times higher in ROXS system, leading to Isat,ROXS ~8 kW/cm2.
Fig. 1 (color on line): Intensity saturation curve of BODIPY-FL in buffer T (in red) and in ROXS system (blue).
The abscise unit is in grey level of a background pixel at the same place as the observed single molecule. This value
is directly proportional to the local excitation power in W/cm
2
. Fluorescence intensity is given in number of photons
detected by the camera. The dots show the raw data and the lines correspond to the fits.
In the case of BODIPY-FL, oxygen removal had a dramatic effect on the triplet state lifetime. We already reported
on a longer lifetime before photobleaching however accompanied with a decrease of the signal to noise ratio with an
oxygen scavenging system based on glucose oxidase and catalase [7]. The PCA/PCD oxygen scavenger has been
proven to be more efficient [8]. We thus assume that with this improved protocol and thanks to the use of a hermetic
flow-cell, the sample is better depleted in oxygen. So in buffer T-O, the triplet lifetime is comparable to the
exposure time of the camera, and this is why the signal is too low to be detected.
The use of ROXS efficiently restores fluorescence signal-to-noise ratio of BODIPY-FL, probably by reducing the
triplet lifetime. Indeed, redox reactions between the triplet state and either MV or AA provide efficient pathways for
the molecule to return in its ground state [6].
The lifetime before photobleaching is also highly lengthened in ROXS system. In buffer T, we could not measure it
properly, the detection limitation coming from the readout noise of the camera. The time response of the
galvanometric mirror used to deviate the excitation laser during camera data transfer is ~20 ms. This gives the
minimum exposure time we can use. In such a configuration, BODIPY-FL lifetime before photobleaching is higher
than the duration of 1 image only for very low excitation powers, for which signal-to-noise ratio is poor due to the
readout noise of the camera. We thus assume that this lifetime is 20 ms In ROXS system, we measured a lifetime
before photobleaching of 500 ms at Nexc=200. This lifetime is 25 times longer than in buffer T for a similar number
of collected photons at 100 ms exposure time. This represents a huge gain.
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4. Conclusion
We have measured the saturation intensity of BODIPY-FL from single-molecule observations, and thus in a
buffer with or without oxygen. In the latter case, further addition of a reducing and an oxidizing agent was necessary
to restore a detectable fluorescence signal by suppressing the millisecond range blinking generated by the increase
of the dark-state lifetime in the absence of oxygen. Whereas the lifetime of a single BODIPY-FL molecule is too
small to be measured in a buffer with oxygen (< 20 ms), it can reach a second in a ROXS.
This results show that BODIPY-FL can be used for single-molecule biophotonics experiments where the markers
must have a fluorescence signal stable on the millisecond timescale and should not photobleach before the end of the
biological process studied.
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